Introduction

39
Sulfur (S) is an essential macronutrient. It is the fourth most abundant nutrient by mass in 40 plants after nitrogen (N), phosphorus (P) and potassium (K), and is required for plant growth 41 and development (Nikiforova et al., 2004) . Plants take up S from soil mostly as SO 4 2-
42
(Leustek & Saito, 1999) and transport the anion within the plant for subsequent assimilation 43 through sulfate transporters (Rouached et al., 2009) . During S assimilation, SO 4 2-is first 44 activated by adenylation to adenosine 5' phosphosulfate (APS) by ATP sulfurylase (ATPS).
45
APS is reduced to sulfite by APS reductase (APR) and then to sulfide by sulfite reductase
46
( Kopriva & Rennenberg, 2004) . In a separate pathway, sulfite is also used in sulfolipid 47 biosynthesis (Benning, 1998). However, sulfide is incorporated into a specific serine-derived 48 
precursor, O-acetylserine (OAS), by OAS-(thiol) lyase (OAS-TL) in the cysteine synthase
49
complex to produce the amino acid cysteine (Wirtz et al., 2001 ).
50
O-acetylserine links S metabolism to N metabolism via serine-glycine metabolism, and to 51 carbon metabolism through acetyl-CoA derived from pyruvate oxidation (Hell, 1997).
52
Moreover, cysteine, being a building block for the synthesis of methionine, protein and which ultimately reduces protein synthesis in the plant (Nikiforova et al., 2006) .
58
We recently showed that N acquisition and assimilation into protein are tightly controlled in
59
H. prostrata (Prodhan et al., 2016) , a species that has evolved in the extremely P- 2012b) of that in unfertilised crop or pasture soils (Hedley et al., 1982) . Controlled N 63 acquisition and thus assimilation reduces the demand for ribosomal RNA (rRNA), the largest 64 organic P pool in leaves (Veneklaas et al., 2012) . This N-acquisition strategy along with 65 several physiological and biochemical traits underlies the remarkable adaptation of this 66 species to a low-P environment that differs fundamentally from what is known for plants that 67 evolved in nitrogen (N)-limited habitats (Lambers et al., 2015) .
68
The striking physiological and biochemical adaptations in H. prostrata to a low-P 69 environment include production of specialised cluster roots that mine P from inaccessible P-70 complexes in the root zone through carboxylate exudation (Lambers et al., 2010) . In addition,
71
this species economises the use of the P it acquires by being highly efficient and proficient in 72 remobilising it from senescing tissues to deliver P to developing tissues (Lambers et al., ion was used to determine the corresponding ion concentration in the samples. 
Results
217
To determine the metabolic changes in H. prostrata in response to sulfur availability, we period.
237
Plants starved of sulfate had the same total S content in leaves, stems and roots as "pre-
238
treatment" plants harvested five weeks earlier at the start of the treatment period ( Fig. 1a-c ). fold greater biomass due to five weeks more growth (Fig. 5a-c) . However, like the S content, 247 the S concentration was similar in the low-S and high-S treated plants (Fig. S1a-c) .
248
In contrast to the situation with S, the organ concentration of total P responded strongly to with 10 µM phosphate. Conversely, variation in sulfate supply had no effect on total P 253 concentration in mature leaves, stems or roots of H. prostrata ( Fig. S1d-f ). grown with sulfate (Fig. 3a) . Interestingly, the sulfate-treated plants maintained a fairly 276 constant leaf sulfate concentration of 20 nmol mg -1 FW, despite having a 13-fold range of 277 sulfate availability in the growth medium (Fig. 3a) . Furthermore, the leaf sulfate extended growing period of five-weeks with high sulfate supply (Fig. 3a) . In sharp contrast, 280 the leaf phosphate concentration increased when the phosphate supply was increased by only 281 two-fold (Fig. 3b) .
282
As a typical response to sulfate-starvation, sulfate-starved H. prostrata accumulated arginine
283
( Fig. 3c) and lysine (Fig. 3d) in its leaves compared with plants provided with sulfate. Leaf 284 concentrations of these amino acids in low-S and high-S treatments were similar to those in 285 the pre-treatment plants (Fig. 3c,d ). (Fig. S3) . On the other hand, plants grown on a low or high sulfate supply had a 289 similar leaf concentration of OAS to the pre-treatment plants (Fig. S3 ).
290
Chlorophyll a and b concentrations in leaves decreased significantly under sulfate starvation 291 in comparison with plants grown with a standard sulfate supply (Fig. 4a,b) . However,
292
increasing the sulfate supply beyond this standard level did not increase the concentration of 293 these leaf pigments (Fig. 4a,b) . The leaf concentration of total carotenoids was not responsive 294 to sulfate supply (Fig. 4c) .
295
Hakea prostrata biomass was non-responsive to short-term sulfate (Fig. 5a ). Both shoot and root biomass increased during the treatment period (Fig. 5b,c) .
300
When the sulfate supply was withdrawn from the medium, H. prostrata was still able to put 301 on as much biomass at the whole plant, shoot or root levels as when sulfate was supplied 302 14 ( Fig. 5a-c) . On the other hand, H. prostrata had similar growth of the shoot and root at both 303 77 µM and 1000 µM sulfate in the growth medium (Fig. 5b,c) . (Fig. 6a) .
314
Furthermore, the molybdenum content was similar at both 77 µM and 1000 µM sulfate 315 supplies, which was similar to that in the pre-treatment plants supplied with 77 µM sulfate 316 (Fig. 6a) . Not surprisingly, the lower content of molybdenum in the leaves of the sulfate-fed 317 plants was associated with a lower concentration of molybdenum in the leaves of these plants 318 relative to that in the sulfate-starved plants (Fig. 6b) . This pattern of response of molybdenum 319 was unique in comparison to any of the other nutrients that we profiled in the leaves of the 320 same plants (Fig. S4a-p) . Leaf content or concentration of calcium (Ca), potassium (K), 321 magnesium (Mg), sodium (Na), copper (Cu), iron (Fe), manganese (Mn) or zinc (Zn) was 322 non-responsive to sulfate supply during the treatment period (Fig. S4a-p) . The Ca, Mg, Na,
323
Cu, Mn and Zn content of the treated plants was also similar to that in the pre-treatment 324 plants (Fig. S4b ,f,h,j,n,p). As a result, treated plants had lower concentrations of these 325 nutrients compared to the pre-treatment plants (Fig. S4a,e that of cysteine (Fig. 2d) . In sugar beet, there was a 50% greater concentration of methionine supply, but was rather independent of the sulfate supply (Fig. 2e) (Fig. 3a) , ii) accumulation of arginine and lysine (Fig. 3c,d ), a sulfate-starvation responsive to sulfate supply (Fig. 1a-c) . The excess sulfate just remained as a surplus in the 416 nutrient solution. Accordingly, the biomass at the whole plant, shoot or root level remained 417 similar between the low-S and high-S supplies (Fig. 5a-c) . Interestingly, the biomass 418 production was also not responsive to sulfate withdrawal for the five-week treatment period
419
( Fig. 5a-c) . These results agree with a previous study that plant biomass production in H. 
422
An S supply of 1000 µM led to a reduction in molybdenum content in leaves of H. prostrata 423 compared with that when sulfate was withheld entirely (Fig. 6a) . Likewise, the molybdenum 424 concentration in the leaves of the sulfate-treated plants was less than that in plants grown 425 without sulfate (Fig. 6b) . Transport of molybdenum in the presence of sulfate has been rRNA levels, and thus low P concentrations. This is in line with the very low level of 462 available P in the severely P-impoverished environment inhabited of this species.
463
Finally, the entirety of our results as summarised in Fig. 7 indicates that H. prostrata tightly assimilation, but, more importantly, also the requirement for P for rRNA by maintaining a 471 constant low concentration of protein (Raven, 2013 
